
Effects of stoichiometry, purity, etching and distilling
on resistance of MgB2 pellets and wire segments

R.A. Ribeiro *, S.L. Bud�ko, C. Petrovic, P.C. Canfield
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA

Received 23 April 2002; received in revised form 18 June 2002; accepted 19 June 2002

Abstract

We present a study of the effects of non-stoichiometry, boron purity, wire diameter and post-synthesis treatment

(etching and Mg distilling) on the temperature dependent resistance and resistivity of sintered MgB2 pellets and wire

segments. Whereas the residual resistivity ratio (RRR) varies between RRR � 4 to RRRP 20 for different boron

purity, it is only moderately affected by non-stoichiometry (from 20% Mg deficiency to 20% Mg excess) and is ap-

parently independent of wire diameter and presence of Mg metal traces on the wire surface. The obtained set of data

indicates that RRR values in excess of 20 and residual resistivities as low as q0 � 0:4 lX cm are intrinsic material

properties of high purity MgB2.

� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Within weeks of the announcement of the dis-
covery of superconductivity in MgB2 by Akamitsu

and co-workers [1,2], it was established that high

purity, very low residual resistivity samples of

MgB2 could be synthesized by exposing boron

powder or filaments to Mg vapor at temperatures

at or near 950 �C for as little as 2 h [3–5]. Samples

with residual resistivity ratio [RRR ¼ Rð300 KÞ=
Rð42 KÞ] values in excess of 20 and residual re-
sistivities as low as 0:4 lX cm were synthesized by

this method. Such a low resistivity in an interme-

tallic compound with a superconducting critical

temperature, Tc, near 40 K was of profound
physical, as well as engineering, interest. The im-

plications of this high RRR and low q0 ranged
from large magneto-resistances (in accordance

with Kohler�s rule) to questions of how a material

with such an apparently large electron–phonon

coupling could have such a small resistivity. On

the applied side, a normal state resistivity of

0:4 lX cm for temperatures just above Tc means
that MgB2 wires would be able to handle a quench

with much greater ease than, for example, Nb3Sn

wires which have a q0 that is over an order of

magnitude larger for T � 20 K [5].

Unfortunately other techniques of synthesizing

MgB2 have not yet been able to achieve such high
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RRR or low q0 values [6–10]. In some cases the
authors of these papers have concluded that the

resistivity of their samples must be the intrinsic

resistivity and that higher RRR values or lower

residual resistivity values must somehow be ex-

trinsic. In order to address these concerns and in
order to shed some light on how low resistivity

samples can be grown we have studied the effects of

boron purity and magnesium stoichiometry on

sintered pellet samples. In addition we have studied

the effects of filament diameter and post-synthesis

etching and distilling on MgB2 wire segments.

Based on these measurements we conclude that the

purity of the boron used to make the MgB2 is a
dominant factor in determining the ultimate, low

temperature, normal state resistivity of the sample,

and that RRR values as high as 20 and residual

resistivities as low as 0:4 lX cm are intrinsic ma-

terials properties of high purity MgB2.

2. Sample synthesis

Samples of MgB2 for this study were made in

the form of sintered pellets as well as wire seg-

ments. The sintered pellets were made by sealing

stoichiometric amounts of Mg and B into Ta tubes

and placing these tubes (sealed in quartz) into

furnaces heated to 950 �C for 3 h and then quen-

ched to room temperature [3]. For the initial
studies of boron purity stoichiometric MgB2 was

synthesized and the quality of the boron was var-

ied. For the studies of magnesium stoichiometry

nominal stoichiometries that ranged from Mg0:8-
11B2 to Mg1:2

11B2 were used and samples were

synthesized with isotopically 99.95% enriched 11B.

For all syntheses, lump of 99.9% purity Mg was

used.
Wire segments of MgB2 were made by sealing

boron filaments purchased from Textron 1 or

Goodfellow 2 into a Ta tube with excess Mg, using

a ratio of approximately Mg3B. After reacting the

filaments for 68 h at 950 �C the Ta tubes were

quenched to room temperature and the wire seg-

ments were removed from the Ta reaction vessel

[5]. Given that there can be some excess Mg on the

surface of the wire segments, some of the wire
segments were etched in a solution of 5% HCl and

ethyl alcohol for times up to 5 min. This treatment

removes the surface Mg and leads to the surface of

the wire segments having the same appearance as

the surface of the stoichiometric sintered pellets: a

slightly golden/grey color. Another method was

used to remove any potential surface Mg from the

MgB2 wire segments: high temperature distillation
of the Mg. In order to achieve this a wire sample

was placed into a quartz tube that was continu-

ously pumped by a turbomolecular pump to a

pressure less than 10�5 Torr. The evacuated tube

was then heated to 600 �C for 12 h. This temper-

ature and time were chosen in part because at-

tempts at higher temperature distillation lead to a

decomposition of the MgB2 in the wire itself.
AC electrical resistance measurements were

made using Quantum Design MPMS and PPMS

units. Platinum wires for standard four-probe

configuration were connected to the sample with

Epotek H20E silver epoxy. LR 400 and LR 700

AC resistance bridges were used to measure the

resistivity when the MPMS units were used to

provide the temperature environment. Powder X-
ray diffraction measurements were made using a

CuKa radiation in a Scintag diffractometer and a

Si standard was used for all runs. The Si lines have

been removed from the X-ray diffraction data,

leading to apparent gaps in the powder X-ray

spectra.

3. Effects of boron purity

Table 1 presents the source and purity infor-

mation available for each of the starting boron

powders used. Fig. 1 presents powder X-ray dif-

fraction spectra for three samples with varying

nominal boron purities: 90% purity, 99.99% pu-

rity, and the 99.95% purity, isotopically pure 11B.
By comparing the two upper panels to the bottom

panel it can be seen that the strongest MgB2 lines

1 Filaments with diameters of 100, 140 and 200 lm were

obtained from Textron Systems, 201 Lowell Street, Wilmington

MA 01887.
2 Filaments with diameter of 300 lm were obtained from

Goodfellow Corporation, 800 Lancaster Avenue, Berwyn PA

19312-1780.
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are present in all three samples. The upper panel,

the data taken on the sample made from boron
with only a nominal 90% purity, also has weak Mg

and MgO powder lines present. This is not in-

consistent with the fact that the primary impurity

in the 90% boron is associated with Mg.

Fig. 2 displays the normalized resistance,

RðT Þ=Rð300 KÞ, of MgB2 pellets that were made

using the five different types of boron powder.
Each curve is the average of three resistivity curves

taken on different pieces broken off of each pellet.

Fig. 2 demonstrates that RRR values can range

from as low as 4 to as high as 20 depending upon

what source of boron is used. Among the natural

boron samples examined there is a steady increase

in RRR as the purity of the source boron is im-

proved. The MgB2 synthesized from the isotop-
ically pure boron appears to have the best RRR,

although it�s nominal purity is somewhat less than
that of the 99.99% pure natural boron, but those

skilled in the art will realize that claims of purity

from different companies can vary dramatically. In

addition, it is very likely that the isotopically pure

boron was prepared in a somewhat different

manner from the other boron powders used (very
likely using a boron fluoride or boric acid or any of

its complexes as an intermediate phase in order to

Fig. 1. Powder X-ray (CuKa radiation) diffraction spectra of

MgB2 (with h; k; l) for three different qualities (a) 90% pure

natural boron; (b) 99.99% pure natural boron and (c) 99.95%

pure isotopic enriched 11B. Samples (a) and (b) were synthesized

for 3 h/950 �C, and sample (c) for 4 h/950 �C from [11]. The

data gaps are due to the removal of the Si peaks.

Fig. 2. Variation of the zero-field resistivity in the 5–300 K

range for MgB2 pellets with different boron purities. Inset: ex-

panded scale near Tc.

Table 1

Boron form and purity (as provided by the seller)

Purity (%) Form Source Main impurities

90 Amorphous (325 mesh) Alfa Aesar Mg 5%

95 Amorphous (<5 mesh) Alfa Aesar Mg 1%

98 Crystalline (325 mesh) Alfa Aesar C 0.55%

99.95 Isotopically pure 11B crystalline (325 mesh) Eagle–Picher Si 0.04%

99.99 Amorphous (325 mesh) Alfa Aesar Metallic impurities 0.005%
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achieve isotopic separation). The primary point

that Fig. 2 establishes is that the purity of the

boron used can make a profound difference on the

normal state transport properties.

In Fig. 3 the same resistance data is plotted, but

instead of simply normalizing the data at room
temperature the data is normalized to the tem-

perature derivative at room temperature. This is

done to see if the resistance curves differ only by a

temperature independent residual resistivity term:

i.e. this normalization is based upon the assump-

tion that the slope of the temperature dependent

resistivity at room temperature should be domi-

nated by phonon scattering and therefore be the
same for each of these samples. As can be seen this

seems to be the case, at least to the first order. By

using higher purity boron we are able to diminish

the additive, residual resistance by a factor of ap-

proximately five.

The insets to Figs. 2 and 3 also indicate that

there is a monotonic improvement in Tc as the
boron purity (or RRR value) is increased. Tc val-
ues vary from just below 38 K to just above 39 K

depending upon which boron is used. It should be

noted that similar behavior has been seen in other

polycrystalline samples with poor RRR values [6–

10].

Based upon these results, we chose the isotop-

ically pure 11B for the further study of the effects of

Mg stoichiometry on MgB2 pellet samples. But

before we proceed to the next section it is worth

noting that one of the difficulties associated with

the samples made by other research groups may

well be due to the use of boron with less than the

highest purity. In addition, to our knowledge very
few other groups have been using the Eagle–Picher

isotopically pure boron in the samples for electri-

cal transport measurements.

4. Effects of magnesium stoichiometry

In order to study the effect of magnesium stoi-
chiometry on the transport properties of Mg11B2,

a series of Mgx
11B2 ð0:86 x6 1:2Þ samples were

synthesized. Fig. 4 presents powder X-ray diffrac-

tion patterns for the extreme members of the series

(top and bottom panels) as well as for the stoi-

chiometric Mg11B2 (middle panel). In all cases the

lines associated with the Mg11B2 phase are present.

Fig. 3. Resistivity curves normalized by their temperature de-

rivative at room temperature, for different boron purities. Inset:

expanded scale near Tc.
Fig. 4. X-ray spectra for three different nominal compositions

of Mgx
11B2 for x ¼ 0:8; 1:0; 1:2.
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For the Mg0:8
11B2 sample there is a weak line seen

at 2h ¼ 35:8� that is associated with MgB4
(marked with a þ). This is consistent with the fact
that there was insufficient Mg present to form

single phase Mg11B2. For the Mg1:2
11B2 sample

there are very strong diffraction lines associated
with Mg (marked with �). This too is consistent
with the stoichiometry of the sample: Mg11B2 is the

most Mg-rich member of the binary phase dia-

gram, therefore any excess Mg will show up as

unreacted Mg. The X-ray diffraction pattern for

the stoichiometric Mg11B2 shows much smaller

peaks associated with a small amount of both

MgB4 and Mg phases. This pattern is different
from the one shown in Fig. 2 in that this sample

was reacted for 3 h whereas the sample used in Fig.

1 was reacted for 4 h. Given that all of the samples

used for the Mg-stoichiometry study were reacted

for 3 h it is appropriate to show this powder dif-

fraction set along with the other members of the

series. It should be noted that there is continuous

change in the nature of the second phases in the
samples. For Mg deficient samples there is only

MgB4 as a second phase. For the stoichiometric

Mg11B2 samples there are either no second phases

or very small amounts of both MgB4 and Mg

(depending upon reaction times), and for the ex-

cess Mg samples there is no MgB4, but clear evi-

dence of excess Mg.

Fig. 5 presents normalized resistance data for
five representative Mgx

11B2 pellets. In each case the

curve plotted is the average of three or more

samples cut from the same pellet. There is far less

variation between the different pellets in this case

than there was for the case of boron purity (Fig.

2). This is most clearly illustrated by the fact that

the values of the RðT Þ collapse almost completely
onto a single manifold as viewed on full scale. Fig.
6 plots the RRR values for each of the individual

samples (shown as the smaller symbols) as well as

the RRR of the average curve. As can be seen

the RRR values increase slowly from �14 for

Mg0:8
11B2 to �18 for Mg11B2. This is followed by a

clear increase in RRR values for excess Mg, with

Mg1:2
11B2 having an RRR value of �24. The im-

portant point to note is that even for the most Mg
deficient sample the lowest measured RRR value is

significantly greater than 10. At no point in this

series we find samples with RRR values of 3, 6, or

10, even when a clear MgB4 second phase is pre-

sent. For samples ranging from Mg0:9
11B2 to

Mg1:1
11B2 (dotted box in Fig. 6) the average RRR

values cluster around RRR ¼ 18	 3. These data

indicate that for sintered pellets RRR values of 18
can be associated with stoichiometric Mg11B2.

Fig. 5. Temperature dependence of the normalized resistivity

for representative samples with nominal composition Mgx
11B2

ð0:8 < x < 1:2). Inset: expanded scale near Tc.

Fig. 6. Residual resistance ratio of Mgx
11B2 (0:8 < x < 1:2).

The open symbols represent different pieces selected from the

same batch. The solid symbols are the average. The dotted box

delimits the smaller variation ðx ¼ 1	 0:1Þ.

198 R.A. Ribeiro et al. / Physica C 382 (2002) 194–202



Whereas the effects of excess Mg are relatively

minor in these samples (given their low intrinsic

resistivities) these effects can still be clearly seen. In

addition to the increase in the RRR value there is a

change in the form of the temperature dependence

of the resistivity. This can be best seen in Fig. 7 in
which the resistance data have been normalized to

its room temperature slope. The data for all x

values less than 1.0 are similar (if residual resis-

tivity is subtracted) and collapse onto a single

curve. On the other hand the resistance data for

the x ¼ 1:1 and x ¼ 1:2 are qualitatively different.
They start out with somewhat higher normalized

resistance data than the stoichiometric sample and
then below 100 K cross below the stoichiometric

sample. This is shown in Fig. 7 by representing the

data for x ¼ 1:2 as a dashed line and can also be
seen in the inset (stars). This change in behavior is

very likely due to the increasing effects of having

Mg in parallel (and series) with the MgB2 grains.

As can be seen in Fig. 7 this effect becomes larger

as the amount of excess Mg is increased. This de-
viation from the MgB2 resistance curve may ac-

tually serve as a diagnostic for the detection of

excess Mg.

5. MgB2 wire segments: effects of diameter, etching

and distilling

MgB2 can also be synthesized in the form of

wire segments [5]. The starting material is boron
filament that has a small tungsten boride core.

Upon exposure to Mg vapor the boron filament is

transformed into MgB2 wire segments, a process

that is accompanied by an expansion of the wire

diameter. Table 2 presents data on the initial and

final diameters of the boron fiber and MgB2 wire

segments used for this study. There is a clear ex-

pansion associated with the transformation of the
boron into MgB2. The average increase in the dia-

meter associated with this reaction is �1.4 times.
There is some uncertainty associated with this

number due to the fact that once the MgB2 is

formed the wire segments have a somewhat irreg-

ular surface as well as variation of the diameter

along the length of a segment. The tungsten boride

core does not manifest a noticeable change in dia-
meter during this process. The size of the tungsten

Fig. 7. Resistivity curves normalized by temperature derivative

at room temperature, for Mgx
11B2 (x ¼ 0:8; 0:9; 1:0; 1:1 and

1.2). x ¼ 1:2 data shown as dashed curve as discussed in the

text. Inset: expanded scale near Tc.

Table 2

Main properties of MgB2 wires and resistivity at 300 K and

RRR for as-grown, etched and distilled MgB2 filaments with

different diameters

Approximate

diameter (	10 lm)
Approximate

expansion

WBx approximate

diameter (lm)

Initial

(boron)

Final

(MgB2)

100 140 1.4 15

140 190 1.5 15

190 290 1.5 15

300 370 1.3 20

Sample wires q (300 K)
(lXcm)

RRR

As-grown 100 13.0	 0.9 18

140 10.8	 0.6 45

190 8.3	 0.3 25

300 14.4	 0.4 36

Etched 100 17.5	 1.3 39

140 15.8	 0.8 30

190 9.1	 0.3 45

300 16.3	 0.4 28

Distilled 300 9.3	 0.3 35

Note: samples designated by the diameter of initial boron fila-

ments used.
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boride core of the wire segments is listed on the far

side of Table 2. For the rest of this paper the wire

segments will be identified by the diameter of the

initial boron filament used to create them.

Given that the wire segments are synthesized in

a Mg rich vapor (the nominal stoichiometry is
Mg3B), there is concern that small amounts of

excess Mg vapor condense onto the surface of the

MgB2 wire segments during the cooling process.

This could lead to contributions to the tempera-

ture dependent resistivity from metallic Mg. In

addition there is the possibility that the tungsten

boride core may act as a low resistance resistor in

parallel with the MgB2. Measurements of the
transport properties of MgB2 wire segments of

varying diameters will allow us to examine, and

ultimately discount, both of these concerns.

If there were to be a significant contribution

from metallic Mg on the surface of the wire seg-

ments, and if it is to be assumed that the metallic

Mg has a lower resistivity than the intrinsic resis-

tivity of the MgB2 (an assumption that is sup-
ported experimentally by our earlier data on the

Mg1:2
11B2), then the effect of this excess Mg would

scale with the surface area to volume ratio of the

sample: i.e. there would be a substantially larger

effect seen for the smaller diameter wires than for

the larger diameter wires. In a similar manner the

potential effect of the tungsten boride core would

scale with the square of the ratio of the tungsten
boride diameter to the MgB2 wire diameter. Given

that the tungsten boride diameter remains between

15 and 20 lm over the whole series and that the

MgB2 diameter increased from �140 to �370 lm,
the potential effect that the tungsten boride would

have would be largest in the smaller diameter wires

and smaller in the larger diameter wires.

The temperature dependencies of the normal-
ized resistivity of MgB2 wire segments are shown

in Fig. 8a. All four diameter wires have similar

temperature dependencies, but manifest somewhat

different RRR values. The inset to Fig. 8a shows

the low temperature behavior near Tc. From this

plot it becomes clear that there is no apparent ef-

fect of metallic Mg or tungsten boride on the re-

sistivity. The RRR values for the 100, 140, 190 and
300 lm, wire segments are 18, 45, 41 and 25 re-
spectively. The highest RRR value is for 140 lm

and the lowest value is for 100 lm. To first order,
there appears to be little or no correlation between

the wire diameter and the RRR values. If any

trend is to be extracted it is that RRR values are

generally higher for the larger diameter wires, a

trend that contradicts the assumption that metallic

Mg or tungsten boride are affecting the resistivity
measurements.

In order to further examine the possible effects

of metallic Mg on the transport properties of the

wires we etched the as-grown wire segments in a

solution of 5% HCl in ethyl alcohol for 5 min. This

lead to an apparent removal of any Mg coating on

the wire surface. The temperature dependence of

the normalized resistance of these etched samples
are shown in Fig. 8b. In this case the values of

RRR are increased. If the excess Mg in wires were

acting as a parallel resistance in the sense of

shorting MgB2, we would expect that with its re-

moval we would find smaller RRR values, not

larger.

Fig. 8. Resistivity curves of MgB2 filaments with four boron

fiber initial diameters (100, 140, 190 and 300 lm): (a) for as-
grown wires and (b) after etched in ethyl alcohol with 5% of

HCl. Inset: expanded scale near Tc.
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In the distillation process, the MgB2 as-grown

wire with 300 lm boron fiber initial diameter,

which has RRR ¼ 36 was heated to 600 �C for

12 h and submitted to a continuously pumped
high vacuum for removal of any excess Mg. This

process practically did not alter the value of

RRR � 35 (Fig. 9). This is strong evidence that the

high values of RRR which we obtained for MgB2
wires are intrinsic and not an influence of excess

Mg.

Table 2 presents our estimates of the room

temperature resistivity for each wire sample. The
average room temperature resistivity for these nine

samples is roughly 13 lX cm. It should be noted
that the acid etching does increase the measured

resistivity of the wires. We believe that this is due

to two effects: (i) a reduction of cross sectional area

that has not been accounted for and (ii) the cre-

ation of small cracks in the wire. In both cases the

process will change the effective geometry of the
sample.

A final point about all of the wire samples is

worth noting: all of the measured RRR values are

comparable to or better than those found for the

stoichiometric 11B pellet samples. These boron fi-

bers are made using a boron fluoride intermediate

step and are reported to be 99.999% pure. This

again points out that the purity (and probably the
purification process) of the boron may be a critical

variable.

6. Conclusion

In summary, through the synthesis of various

pellets of MgB2 with different types of boron we

found values of RRR from 4 to 20, which covers
almost all values found in literature. To obtain

high values of RRR, high purity reagents are

necessary. With the isotopically pure boron we

obtained the highest RRR � 20 for the stoichio-

metric compound. We also investigated Mgx
11B2

samples with 0:8 < x < 1:2. These have shown that
from the most Mg deficient samples we observe

inclusions of the MgB4 phase, and no evidence of
Mg. For samples with excess Mg we do not ob-

serve any MgB4. For the range Mg0:8
11B2 up to

Mg1:2
11B2 we found average values of RRR

between 14 and 24. For smaller variations in stoi-

chiometry ðx ¼ 1	 0:1Þ RRR ¼ 18	 3. In addi-

tion our study of MgB2 wires as function of

diameter is consistent with pellet results and in-

consistent with either Mg or tungsten boride core
acting as resistor in parallel with MgB2 filaments.

All of our data point to the conclusion that high

RRR (P 20) and low q0 (6 0:4 lXcm) are in-
trinsic materials properties associated with high

purity MgB2.
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